We used the water relations model, WINWAT, to model winter water relations of three conifer species-eastern hemlock (Tsuga canadensis (L.) Carr.), eastern white pine (Pinus strobus L.) and red pine (P. resinosa Ait.)-growing at their upper elevational limits on Mt. Ascutney, Vermont, USA, in the winters of 1997 and 1999. Modeled relative water contents remained above 60% in the two youngest foliar age classes of all three species during both winters, indicating that desiccation stress in winter is not responsible for setting the upper elevational limits of these species at this site under present climatic conditions. WINWAT indicated that winter water relations of these low-elevational species were sensitive to low relative humidity, which increased transpiration rates, and low temperatures, which inhibited recharge, but are much less sensitive to summer climate than in the case of subalpine conifers in Colorado. Our results indicate that summer and winter temperatures and relative humidities (or precipitation/potential evapotranspiration ratios) should be incorporated into climate change models designed to simulate future tree distributions.
Introduction
Winter water stress is often a major factor establishing upper elevational limits of conifer species (e.g., Havranek and Tranquillini 1995) . However, based on measurements of shoot relative water content (RWC) and shoot water potential, Vostral et al. (2002) reported that eastern hemlock (Tsuga canadensis (L.) Carr.), eastern white pine (Pinus strobus L.) and red pine (P. resinosa Ait.) growing near their upper elevational limits in Vermont showed no evidence of incipient winter desiccation stress. Vostral et al. (2002) concluded that factors affecting seedling establishment and survival were more important than winter climate in setting the upper elevational limits of these species.
Conifer water status can be directly measured only periodically in the winter, both because of the difficulty of access and because plant water status measurements are usually destructive. A calibrated and validated model provides a means of determining how water relations change between measurements and identifying the climatic and physiological factors responsible for these changes. WINWAT, a winter water relations model developed for evergreen conifers, has been validated for both red spruce (Picea rubens Sarg.) in New Hampshire and Engelmann spruce (Picea engelmannii Parry) and subalpine fir (Abies lasiocarpa (Hook.) Nutt.) in Colorado (Boyce et al. 1991 , 1992 , Boyce and Saunders 2000 . These studies showed that, among the climatic factors examined, factors that reduced recharge to shoots, e.g., low summer temperatures, were more important to winter water relations of trees in Colorado, whereas factors that increased transpiration in the winter, e.g., low relative humidities, were more important to winter water relations of trees in New Hampshire. In this study, we used WINWAT to examine the behavior of RWC in three low-elevation conifers growing in Vermont, and to determine which factors are most important in determining their winter water relations.
Materials and methods

Study area
The two sites are located on the north-facing slope of Mt. Ascutney (43°27′ N, 72°27′ W, 960 m elevation) in eastern Vermont. Data were collected from a site at 640 m, near the upper elevational limit of eastern white pine and eastern hemlock on Mt. Ascutney (Boyce 1998) and a site at 715 m, which is near the upper elevational limit of red pine on this mountain (Boyce 1998) . Further details about these sites are given in Vostral et al. (2002) .
Microclimatological data
A meteorological tower was installed at each site and positioned so that instruments were placed within the canopy (7.2 m at the lower site, 8.1 m at the upper site). At both sites, the live canopy extended from the ground to about 20 m, but foliar area peaked at 7-13 m above ground. Temperature and relative humidity were measured with a shielded HMP35C probe (Campbell Scientific, Logan, UT). Irradiance (W m -2 ) was measured with a pyranometer (Li-Cor, Lincoln, NE).
Needle temperature in the canopy was measured with thermocouples constructed of 40-gauge (0.08 mm diameter) copperconstantan thermocouple wire (Type T) that was soldered into small loops the same diameter as needles. Thermocouples were placed over the midpoint of needles on a south-facing branch of one tree of each species. Four thermocouples each were placed on current-year and 1-year-old needles of each tree. Measurements were taken from each instrument every minute. Hourly mean, maximum and minimum measurements were stored on Campbell Scientific CR-10 data loggers at each site.
Tree ring measurements
Tree cores were extracted from each of the trees used for RWC and cuticular conductance (g c ) measurements, as well as additional trees, in early spring 1999. Cores were dried, mounted and sanded. Ring widths for the years 1996 and 1998 were measured with a Velmex (Bloomfield, NY) tree-ring measuring system and mean ring widths for each year and each species were calculated.
Relative water content and cuticular conductance measurements
We used the measured RWCs reported by Vostral et al. (2002) . Current-year and 1-year-old shoots of hemlock and currentyear and 1-year-old fascicles of the pine species (hereafter both samples are referred to as shoots) were sampled from four canopy trees per species on an approximately weekly basis from January through April of 1997 and 1999. Tree heights and diameters ranged from 12 to 20 m and from 20 to 50 cm, respectiviely. We used the measured g c values reported by Vostral et al. (2002) . In 1997, because g c values were available for March only, they were used as surrogate values throughout the 1997 winter in the model runs. In 1999, we used the mean winter value of g c for white pine, whereas for current-year hemlock and red pine we used g c modeled as a linear function of time.
Model structure
We used the modified WINWAT model as described by Boyce and Saunders (2000) . The single state variable in the model is the water content of an average shoot per unit foliar area. Hourly means of air and needle temperatures and relative humidities were used as driving variables in the model. It was assumed that shoots are connected to a reservoir of available water in the stem (Boyce et al. 1991 , 1992 , Boyce and Saunders 2000 . Water flux through the stem is proportional to the water potential (Ψ) along its length (Lambers et al. 1998 ). Water potential is negatively correlated in many species with the water saturation deficit, WSD, which is equal to 100% -RWC (Slavík 1974 , Hadley and Smith 1986 , but see Vostral et al. 2002 . Thus, recharge was modeled as:
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where R = recharge rate (g m -2 day -1 ), R p = a recharge parameter (g m -2 day -1 ) to be estimated by the model, T trk = trunk temperature (°C) and T th = threshold temperature (°C). When T trk > T th , R = 0 at RWC = 100%, R = R p at RWC = 0%, and R = 0.1R p at RWC = 90%. Based on published data (Tranquillini and Holzer 1958 , Havis 1971 , Saugier et al. 1997 ) and the original model calibration (Boyce et al. 1991 (Boyce et al. , 1992 , T th was set to -4°C. Trunk temperature was not measured directly but was estimated from a regression of air temperature and solar irradiance on red spruce trunk temperature at a nearby site in New Hampshire (Boyce et al. 1992) : . ,
where T trk(t) = trunk temperature (°C) at hour t, T air(t-1) = air temperature (°C) in the previous hour and PY (t-1) = solar irradiance (W m -2 ) in the previous hour. Thus, trunk temperature is a function of both air temperature and solar irradiance, with a time lag. A derived trunk temperature, rather than a measured air temperature, was used because it resulted in better model fits (data not shown).
Model calibration
Because R p of trees growing close to their upper elevational limit varies from year to year (Boyce and Saunders 2000) , WINWAT was recalibrated each year for each species and foliar age class. Measured RWCs on February 7, 1997 and January 7, 1999 were used to set initial values of RWC during each model calibration run. Data from 1998 were excluded from the study, because a major ice storm on January 8-9, 1998 severely damaged the foliage. WINWAT was run for the six combinations of species and foliar age classes each year. Runs were terminated on March 23, 1997 and March 19, 1999 when stomates began opening (R.L. Boyce, unpublished data). For each combination of species and foliar age class, the appropriate values of measured needle temperature, cuticular conductance and initial measured water contents were input into the model. The model was run with variations of R p until the following sum of squares between modeled and measured RWCs was minimized:
where RWC pi and RWC mi are the ith predicted and modeled RWC, respectively, and σ mi is the standard deviation of the ith measured RWC (Omlin and Reichert 1999) . The 95% confidence interval of this minimum sum of squares was estimated by the accelerated bootstrap procedure recommended by Dixon (1993) . A cubic spline was then fit with KaleidaGraph™ (Synergy Software, Reading, PA), to estimate the sum of squares as a function of R p . The intersections of the spline curve with the upper 95% confidence limit of the minimum sum of squares were used to determine the upper and lower 95% confidence limits of estimated R p .
To assess goodness of fit, the method of Parrish and Smith (1990) was applied to each model run from each age class, species and year (cf. Boyce et al. 1991 Boyce et al. , 1992 . Bonferroni confidence intervals at a joint confidence level of 0.95 were calculated for each RWC measurement. A ratio R j was calculated for each measurement as:
where L j = lower 95% confidence limit of jth measured mean, U j = upper 95% confidence limit of jth measured mean, and µ pj = jth mean predicted by the model. The calibration was considered acceptable if every value of R j in a model run was less than or equal to 1.05, i.e., the model predicted RWCs within a factor of 1.05 (Boyce et al. 1991 (Boyce et al. , 1992 . Figures 1A-C . The calibrated values of R p are shown in Table 1 , along with approximate 95% confidence intervals and mean square errors. The R j ratio was always 1 in 1999, whereas it reached 1.02 and 1.03 on one date each for hemlock and white pine 1-year-old shoots, respectively, in 1997. Current-year shoots generally had better model fits than 1-year-old shoots, as reflected in smaller mean square errors and narrower confidence intervals. The best fits of the model were for hemlock (1997) and red pine (1999) current-year shoots. For all species, R p was higher in 1997 than in 1999. Hemlock current-year shoots always had lower R p than 1-year-old shoots, but there was no consistent pattern in the pines.
Results
Measured and modeled RWCs are shown in
Modeled RWCs of current-year shoots of hemlock remained above 75% in 1997 and above 80% in 1999 (Figure 1A) . Modeled RWCs of 1-year-old shoots of hemlock also remained above 80% in 1999, but the model indicated a drop to nearly 65% in 1997 around Day 45. Modeled RWCs of current-year and 1-year-old shoots of white pine remained above 80% throughout 1999 and most of 1997, with the exception of a brief drop just below 80% on Day 45 ( Figure 1B ). Modeled RWCs of both age classes of red pine remained above 85% in both years ( Figure 1C) .
Modeled RWC of all three species and both foliar age classes behaved similarly during both winters, and the magnitude of the changes depended on R p and g c . In 1997, modeled RWC decreased during Days 37-46 ( Figures 1A-C) in response to both low temperatures, which reduced recharge, and to relative humidities below 50%, which increased ∆ρ H 2 0 and hence transpiration (Figure 2 ). Similar decreases in modeled RWC on Days 50, 57 and 80 were also caused by low relative humidities. The decrease on Day 57 was also accompanied by low temperatures, which reduced recharge. The only consistently large dip in RWC in 1999 occurred around Day 60. Temperatures were not low enough to inhibit recharge, but relative humidity decreased to 25%, leading to large increases in transpiration (data not shown).
There was no consistent relationship between current-year R p and tree ring widths (Tables 1 and 2 ). For white pine, R p in 1997 and the corresponding tree ring widths were both larger than in 1999. For hemlock and red pine, the largest ring widths were in 1998, whereas the largest R p values were in 1997. The 95% confidence intervals of R p values for hemlock and red pine overlapped between years, but only red pine ring widths differed significantly between years. In nearby Springfield, VT (43°20′ N, 72°31′ W, elevation 176 m), 1996 was marked by lower temperatures in April-May than in 1998 (8.9 versus TREE PHYSIOLOGY ONLINE at http://heronpublishing.com MODELING CONIFER WINTER WATER RELATIONS 803 Figure 1 . Measured and modeled relative water contents for currentyear and 1-year-old shoots of (A) hemlock, (B) white pine and (C) red pine. The measured value marked with an asterisk was not used for model calibration. Error bars are standard deviations (n = 4, except n = 3 for hemlock and white pine in 1999).
11.7°C, respectively). However, June-August temperatures and April-August precipitation were similar in both years (19.4 versus 19.5°C, respectively; 394 versus 359 mm, respectively) (Vostral et al. 2002) . Among species, white pine had the lowest modeled transpiration rates in each winter and overall (Table 3) . Red pine had the highest modeled transpiration rates among current-year shoots, and hemlock shoots had the highest modeled transpiration rates among 1-year-old shoots. Mean vapor density differences were larger in 1999 than in 1997. The small differences between white pine and hemlock were due to differences in needle temperatures, because relative humidity was similar for both species. Red pine experienced higher relative humidities than the other two species and thus lower ∆ρ H 2 0 , especially in 1997.
Discussion
None of the modeled RWC values were below 60%, which is considered a critical threshold below which conifers experience substantial foliar desiccation damage (Vostral et al. 2002) . Thus, our modeling study supports the conclusion of Vostral et al. (2002) that winter desiccation damage does not set the upper elevational limits of hemlock and white and red pine at the study sites under current climatic conditions. 804 BOYCE, VOSTRAL AND FRIEDLAND TREE PHYSIOLOGY VOLUME 22, 2002 The poorer fit of the recharge parameter R p in 1-year-old shoots than in current-year shoots may be associated with factors unaccounted for by WINWAT. Water that recharges current-year shoots must pass through 1-year-old shoots. Thus, the recharge of current-year shoots is an additional pathway of water loss for the older shoots that is not accounted for in WINWAT. Model runs that incorporated values of the ratio between current-year and 1-year-old leaf area ranging from 1 to 3 consistently showed improved fits to measured 1-year-old shoot RWCs (data not shown). Hemlock current-year shoots usually had better fits between measured and modeled values of RWC than current-year shoots of the pine species. This difference may be associated with the closer relationship between RWC and Ψ in hemlock than in pines (Vostral et al. 2002) , because a linear relationship between RWC and Ψ is implicit in Equation 1 .
For all species, R p was consistently higher in 1997 than in 1999, although the approximate 95% confidence intervals overlapped for all species except white pine (Table 1) . Boyce and Saunders (2000) found a relationship between tree ring width and R p for Engelmann spruce and subalpine fir in Colorado. However, we found no evidence for such a relationship in hemlock, white pine or red pine. In white pine, mean 1996 ring width was smaller than mean 1998 ring width, but the difference was not significant (P = 0.22, Table 2 ). Hemlock and red pine had larger mean 1996 tree rings than 1998 tree rings (Table 2 ), but the difference between years was significant only in red pine (P = 0.05). Higher R p in 1997 than in 1999 may be associated with high transpiration rates (Table 3) as a result of increased g c (Vostral et al. 2002) .
Tree rings appear to be less responsive to climate changes in Vermont than in Colorado. Several studies have shown that trees near arctic and alpine tree lines are sensitive to mean July temperatures (e.g., Tranquillini 1979 , Briffa et al. 1990 , Boyce and Saunders 2000 , Gindl et al. 2000 , Nöjd and Hari 2001 . Because trees in arctic and alpine tree line forests are much less likely to encounter competition than trees growing in the dense forests of our sites, it is likely that the latter are relatively less sensitive to climate changes. Red pine tree ring width responds positively to both current-year mean April temperature and July precipitation in Ontario (Larocque 1997) . Because 1996 was both colder in April and wetter in July; the greater tree ring width in that year suggests that precipitation in July was more important than low temperature in April. Climate appears to affect g c , which was lower in 1999 than in 1997. Because mean growing season temperature was higher in 1998 than in 1996 and cuticle development continues throughout the growing season (Lange and Schulze 1966, Tenberge 1992) , we would expect g c to be lower in 1999 than in 1997. A similar pattern was observed for Engelmann spruce and subalpine fir in Colorado (Boyce and Saunders 2000) .
WINWAT indicated that relative humidity, which determines ∆ρ H 2 0 , and temperature play important roles in regulating winter water relations of these species. Boyce et al. (1992) showed that relative humidity influenced winter water relations of red spruce in New Hampshire. Although the low-elevation conifers in our study were strongly affected, like red spruce, by drops in relative humidity during winter, they were much more sensitive than red spruce to the amount of time that temperatures remained below 0°C. All three low-elevation conifers lost water more quickly than red spruce, because of high g c , so that extended cold periods had a large effect on their winter water status. In contrast, in Colorado, R p had a greater effect on winter water relations than relative humidity, even though humidities are much lower in Colorado than in New England (Boyce and Saunders 2000) . Although ∆ρ H 2 0 is lower in Vermont than in Colorado (~1 versus~2 g m -3 , respectively; Boyce and Saunders 2000), mean winter transpiration rates of current-year shoots are similar in Vermont and Colorado (1.6-6.5 versus 2.9-4.9 g m -2 day -1 , respectively), because the higher values of ∆ρ H 2 0 in Colorado are countered by current-year shoots with low g c . However, winter transpiration rates of 1-year-old shoots are higher in Colorado than in Vermont (5.9-14.0 versus 1.8-8.1 g m -2 day -1 , respectively). We conclude that winter water relations of eastern hemlock, eastern white pine and red pine are affected by winter temperatures and relative humidities. Relative humidity is difficult to predict and model, although ratios of precipitation to potential evapotranspiration (PET) are related and have been modeled in climate change scenarios (USEPA 1993). Although winter water relations did not appear to limit the distributions of the conifers under prevailing climatic conditions, a different combination of summer and winter climate parameters may change that in the future. Hence summer and winter temperatures and precipitation/PET ratios should be incorporated into climate change models designed to simulate future tree distributions (Iverson and Prasad 1998) .
The recharge component of WINWAT remains unverified. An attempt to verify recharge by monitoring sap velocity with thermal dissipation probes (Granier 1985) in a branch of a red pine at the 715-m site in winter 1999 indicated that even the maximum sap velocities estimated by WINWAT were within the noise limits of the probes (data not shown). Other sap flow probes, such as the heat ratio method (Hogg and Burgess et al. 1998 Burgess et al. , 2000a Burgess et al. , 2000b , appear not to have sufficient precision to measure winter sap flow. Furthermore, any sap flow probes that rely on heat balance, including thermal dissipation probes, do not perform well in winter, because of heat of fusion exchange when sap freezes or thaws (Saugier et al. 1997 ). Thus, a sap flow system that does not rely on heat is needed to measure winter sap flow accurately. A system utilizing magnetohydrodynamic techniques was devised almost 30 years ago by Sheriff (1972) . Such a system, at least in theory, may be able to determine sap flow rates without melting frozen sap.
